The growing environmental awareness within society has necessitated an immediate and effective solution towards air pollution reduction and control [6] . A large portion of the latter is produced every day by the global vehicle fleet, responding to the ever-growing transportation needs of an expanding world population, with automotive being among the three major energy consumer sectors. The above requires a greater degree of sensing, operating under harsher application conditions, prompting the need for novel sensor technology.
Introduction
The growing environmental awareness within society has necessitated an immediate and effective solution towards air pollution reduction and control [6] . A large portion of the latter is produced every day by the global vehicle fleet, responding to the ever-growing transportation needs of an expanding world population, with automotive being among the three major energy consumer sectors. The above requires a greater degree of sensing, operating under harsher application conditions, prompting the need for novel sensor technology.
Theoretical Background
In practice, there are three sensor technologies that are viable in vehicle exhaust: thermocouples, thermistors, and resistance temperature detectors (RTD). Each of them has their own advantages and disadvantages, and will be considered in brief detail.
Thermocouples are formed by welding two dissimilar metals together forming a bimetallic junction that produces a temperature-dependent voltage as a result of the thermoelectric effect [17] .
For a vehicle application, a type K (chromel-alumel), type R or S (platinum-rhodium) or type N (Nicrosil-Nisil) would be used for the range of temperatures previously mentioned. Thermocouples can be relatively low cost sensors (for example, using type K) as compared with thermistors or RTDs. However, the electrical system is significantly more expensive since there must be introduced a compensation for voltages produced whenever there is a change in wire material (often called cold-junction compensation).
Thermocouples can be made with very little mass which allows for a fast response with changing temperature. In order for the sensor to minimize drift and be reliable in a vehicle exhaust environment however, the thermocouple must be protected by a sheath, and therefore they are made thicker. Thus much of the fast response advantage is reduced.
Thermistors are made from various nonmetallic conductors (i.e. metal oxides). The types of thermistors found in a vehicle exhaust environment will typically produce a negative temperature coefficient (NTC), meaning the resistance will decrease with increasing temperature. Thermistors offer a high sensitivity over a smaller range in temperature than either thermocouples or RTDs [17] . At 0°C the resistance can be over 100 000 Ω, at 200°C: 200 to 500 Ω, and at 800°C 50 Ω. Therefore, thermistors can achieve very high sensitivities over a particular range of temperatures. However, achieving nearly the same accuracy over a large range in temperatures is not possible (unless several pull up resistors are used) due to the highly nonlinear characteristic response. Thermistors can be made with a very small thickness for quick response. However, they are not able to withstand even mild vehicle exhaust environments without being protected by a metal or ceramic insulated sheath thus causing the sensor response to be relatively slow [19] .
Tolerance of a thermistor depends on its intended range of use. For example, thermistor tolerances in manifold air temperature sensors (MAT) or coolant sensors are very tight over the relatively narrow range of measurement (ex. 0.6°C from 0° to 100°C). However in a vehicle exhaust that can vary between -40°C and 1000°C, thermistors have a fairly poor tolerance depending on the temperature range (2% to 6% of temperature). As previously described, thermistors typically have a very high resistance below T=100°C. This makes it difficult to meet requirements of being able to read the sensor at temperature -40°C, or being able to perform OBD (On-Board Diagnostics) start up diagnostics at 20°C. Table 1 shows a summarized comparison of the three different sensor types. The RTD is the most accurate of the three sensor types over the entire measurement range over time. It is important to note that zero hour accuracy is only one portion of total accuracy; how the sensor performs in the application over time at temperature is vital [17] . Figure 2 [13, 14, 15, 16] shows two thermistors and a typical RTD designed for vehicle exhaust use (thermocouples are not shown since they generate an output voltage instead of measuring a resistance). As can be seen from the graph, the thermistors show a very non-linear curve as compared to the RTD. Further, there is a significant difference between the two different thermistor manufacturers, with one not being practical for measuring temperatures below 100°C. The tolerances indicated on the graph show that the RTD has a much tighter tolerance than thermistors over the measurement range.
Resistance Temperature Detectors (RTDs) operate through the principle of electrical resistance change in metal thermistors. Platinum is the most widely specified RTD element type although nickel, copper, and Balco (nickel-iron) alloys are also used. Platinum is popular due to its wide temperature range, accuracy, stability, as well as the degree of standardization among manufacturers, thus interchangeability. RTDs are characterized by an almost linear positive change in resistance with respect to temperature. They exhibit the most linear signal with respect to temperature of any electronic sensing device [1] .
The platinum and copper RTDs are most commonly used [1] . In general, RTDs are employed over the wide temperature range from 260°C up to 850°C, and some of these RTDs are applied up to 1200 °C [1] .
The effect of adding rhodium over the platinum's temperature coefficient of resistance (TCR) is given in figure 4 . The quantity of rhodium (Rh) in the Pt-Rh alloy is less than 1%. This is commonly used to control the TCR value. [6] information technologies and control
The resistance vs. temperature equation is shown below, which is represented by the best-fit quadratic equation of the measured data [2]:
(1) R(T) = R 0 (1 + αT + βT 2 ) where:
• α is a slope of R / R 0 vs T line;
• β is a non-linear (quadratic) term. For a standard Pt RTDs, the coefficients α (slope) and β (quadratic term) are summarized in table 2.
The standard IEC 751 sets two tolerance classes for Class B: Tolerance (°C) = ±(0.3 + 0.005⎮t⎮) where ⎮t⎮ -temperature in °C.
Class A applies to temperatures from -200°C to 650°C, and only for RTDs with three or four-wire configurations.
tional to applied pressure. Integral signal conditioning electronics incorporating a custom designed integrated circuit provide an accurate, stable signal over a wide operating temperature range (−40 to 135°C). The sensor is compatible with most fluids in pressure-based automotive systems [9] .
The principle of operation of an automotive pressure transducer design is provided in figure 7 . Figure 6. Physical scale versus scientific disciplines, used in sensor design [8] information technologies and control where:
• A is the area of the two plates (in meters);
• ε r is the dielectric constant of the material between the plates;
• ε 0 is the permittivity of free space (8.85e-12 F/m).
• d is the separation between the two plates (in meters). Automotive Microfused Silicon Strain Gage (MSG): What is Finite Element Analysis (FEA): it is a numerical method. Traditionally, a branch of Solid Mechanics. Nowadays, a commonly used method for multiphysics problems [20] .
What areas can FEA be applied? These are the following:
• Structure analysis: a cantilever, a bridge, an oil platform…
• Solid mechanics: a gear, an automotive power train …
• Dynamics: vibration of Sears Tower, earthquake, bullet impact…
• Thermal analysis: heat radiation of finned surface, thermal stress brake disc…
• Electrical analysis: piezo actuator, electrical signal propagation…
• Biomaterials: human organs and tissues… FEA is originally developed for solving solid mechanics problem. Object: A Solid with known mechanical properties.
Concepts
• Boundary: The surface enclosing the geometry.
• Solid: Interior + Boundary.
• Boundary conditions: Any prescribed quantities, such as prescribed displacements and prescribed tractions on the boundary. equations, among which nine equations are partial differential equations! Finding an exact solution is impossible. Then the mission changes to find a solution which approximates the exact solution. Therefore, FEA is a numerical method that offers a means to find this approximate solution [24] .
How does FEA works? Let's consider one examplean integration using numerical methods We need to solve a problem consisting of total 15 The exact solution of Eq. (7) is 2. Choose a function to approximate the variation of f(x) in each section; the simplest such function is a constant function that equals to the value of f(x) at the midpoint of each section.
3. The product of this constant function and the length of the section approximates the integration of f(x) over this section.
4. Summing the products for all sections gives an approximate answer to the integration of f(x) over the interval (-1, 1) .
The error in the numerical integration in case of N=1 is The error is reduced significantly in cases with N=4 and N=8. Therefore, as the number of sections increases, the error decreases.
Numerical Integration -Scheme 2
Same as Scheme 1, except that we choose a linear function in each section to approximate the variation of f(x). This linear function takes the same value and slope of f(x) at the mid-point of that section.
Two key steps have to be considered: 1. Divide the interval of integration. 2. In each sub-interval, choose proper simple functions to approximate the true function. 2. The accuracy of numerical result depends on the number of sub-interval and approximate function.
shows the results from the simulation: Equivalent stress (von Mises). The FEA analysis has studied the surrounding components and their influence over the stress in the platinum layer.
To measure the true value of a process variable it is essential that the sensors chosen fit the application and provide very accurate and stable calibration for steadystate measurements and fast dynamic response for transient measurements. A second requirement is the appropriate process-to-sensor interface. For example, fluid temperatures in industrial plants are typically measured with sensors that are installed in thermowells secured to the process piping. The thermowell serves as the process-to-sensor interface and must be designed and installed in the process with the correct insertion depth, exact dimensional tolerances, and proper support to protect the temperature sensor, allow for its easy insertion and removal, and optimize dynamic response. At first glance, these provisions would seem to be easy to accommodate, and frequently they are. However, even a slight deviation can significantly affect critical process measurements, especially when temperatures, pressures, and flow rates are high. For example, tolerance issues involving the length or diameter of sensors or thermowells can cause temperature data to lag far behind the true process temperature, causing control issues and safety concerns [23] .
The process-to-sensor interface for pressure transmitters (including liquid level and fluid flow sensors) are the sensing lines that connect the transmitter to the process. Fluid sensing lines are typically made of small-diameter tubing or piping consisting of root, isolation, and check valves; condensation pots; and other components. All these components must function properly to yield accurate and timely data to the plant control and safety systems. Naturally, operational stresses, aging, and installation issues can cause anomalies in sensing lines and contribute to measurement errors as well as dynamic response problems [23] .
The dynamic response of a sensor or a system may The general procedure for FEA is shown in figure 18 . be identified theoretically or experimentally. The theoretical approach usually requires a thorough knowledge of the design of the sensor, its construction details, the properties and geometries of the sensor's internal material as well as a knowledge of the properties of the medium surrounding the sensor. Since these properties are not known thoroughly, or may change under process operating or aging conditions, the theoretical approach alone can only provide approximate results. A remedy is to combine the theory with experiments that empirically determine the dynamic response [21] .
Theory is used to determine the expected behavior of the sensor in terms of an equation called the "model", which relates the input and the output of the system. The system is then given an experimental input signal, and its output is measured and matched with the model. That is, the coefficients of the model are changed iteratively until the model matches the data within a predetermined convergence criterion. This process, performed on a digital computer, is referred to as "fitting". Once the fitting process is successfully completed, the coefficients of the model are identified and used to determine the response time of the sensor. However, if the sensor can be represented with a first-order model, fitting is not necessary because the response time can be determined directly from the output of the sensor [21] .
The step response of a first-order thermal system [22] is shown in figure 20 .
The response of a sensor can be described by the following model [22] : (9) where:
• ϑ is the temperature [°C];
• ϑ s is the temperature step;
• t is time where:
• C ϑ is heat capacity;
• c is specific heat capacity;
• b is thickness of the layer;
• m is thermal mass;
• α is thermal transfer coefficient;
• A is surface. The factors influencing the sensor's step response are summarized in table 3.
The model for a sensor or a system may be expressed Figure 20 .
Step response of a first-order thermal system 
and control in terms of either a time domain or a frequency domain equation.
• The time domain model is usually a specific relationship that gives the transient output of the system for a given input signal such as a step or a ramp signal.
• The frequency domain model is often represented as a general relationship called the "transfer function", which includes the input and the output. If the transfer function is known, the system response can be obtained for any input. As such, the transfer function is often used in analyzing system dynamics.
Applications
The technology, described in this paper, is used to satisfy the world's growing need for safety, energy efficiency and a clean environment. Incorporation examples are provided below [9] . Due to the increased atutomotive systems introduction together with their complexity, sensor content per vehicle is increasing ( figure 21 ).
APsquared™ Automotive Sensor [10] are with the features shown in table 4 and applications (see figure 22) .
Typically, several exhaust gas temperature sensors are positioned along the thermodynamic chain ( figure 21 ). For example, diesel trucks-starting with the 2007 model year-used for on highway applications are required to have an exhaust treatment system to reduce emissions, specifically large particulate matter. The diesel particulate filter (DPF) is a component of the system. DPFs are designed to physically filter particulate matter (soot). A regeneration process removes the accumulated soot from the filter.
The Automotive Pressure sensors (APT): 
Conclusion
In this paper, the application of automotive exhaust gas temperature sensing, along the length of the thermodynamic tract, and pressure sensors have been described. The influence of metal alloy composites on resistivity and the temperature coefficient of resistivity, thus sensor signal, has been elaborated. The physical scale to scientific discipline design implications has been discussed, providing for performance sensors of increased stability and reliability. The strength of Finite Element Analysis (FEA) has been highlighted with a described theoretical background and information technologies and control application to Platinum (Pt) sensor in high temperature applications.
The pressure sensors MSG provide robust port design, hermetic electronics cavity capability and high accuracy with low weight and small size. Their typical applications are Gasoline Direct Injection (GDI) and Common Rail.
The APT sensors provide compact design that allows for local pressure sensing, they are adaptable up to 5000 PSI (pounds per square inch), absolute or relative sensing. Their typical applications are anti-lock braking/vehicle stability control, transmission, suspension, power steering, etc.
